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INTRODUCTION

For many years built-up roofs (BUR) were constructed with little or
no insulation. When building owner and architect agreed that some
insulation was desirable, it often amounted to a layer of mineral fiber-
board or perlite board from 1/2 to 1 inch thick. 1In the days of ample
energy for heating and cooling and of seemingly endless supplies of

crude oil, this meager provision for energy conservation seemed reasonable.

As prices for energy began to rise and fuel shortages began to
appear in the mid-1960s, manufacturers of roofing materials along with
chemical manufacturers began to develop and produce more exotic insula-
tions, such as cellular plastics (urethane foam and polystyrene foam)
and glass fiber. By the mid-1970s, all government agencies began to
document energy conservation requirements. The Department of Defense
(DOD) Construction Criteria Manual 4270.1M of October 1972 required an
overall coefficient of heat transmission (U) of 0.05 Btu/ hr/ft2/°F
(R = 20) for roofs. It was realized that rather large heat losses
through roofs could be vastly reduced with adequate insulation.

Since by far the vast majority of roofs are built-up, most of the
applications of thicker insulation have been in these roofs. There has
been serious concern in the roofing industry that thicker insulation
(higher thermal resistance) in a built-up roof may cause extremely high
membrane temperatures which could severely shorten the service life of
the roof by accelerating deterioration of the asphalt ingredients
(premature loss of volatile components, hardening, and cracking of the
asphalt) (Ref 1 through 3). In a National Bureau of Standards report
published in 1976, Rossiter and Mathey maintained that built-up roof
temperatures increase substantially as insulation thickness is increased
up to 1 inch, but that insulation thicker than 1 inch will not add
significantly to the built-up temperatures (Ref 4).

To investigate the effects of higher insulation thicknesses (high
thermal resistance) upon temperatures in built-up roofs, the Civil
Engineering Laboratory (CEL) began a research study which has involved
construction and instrumentation of insulated built-up roofs placed on
small, temperature-controlled buildings.

EXPERIMENTAL PROGRAM

Insulated temperature-controlled buildings (ITCB) were designed and
built to accommodate a roof size of 8 ¥ 8 feet. Each 8 x 8-foot roof
consisted of two 4 x 8-foot sections to provide for two different hot-
mopped, 4-ply built-up membranes placed over 3/4-inch plywood. Asbestos
felts were used in construction of the 4-ply built-up membranes. Tem-
perature inside the ITCB was controlled in summer by an air conditioner
(72-78°F) and in winter by an electric heater (65-70°F). The outside
walls were sprayed with at least 3 inches of polyurethane foam (PUF),
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annd PUF board stock 2 inches thick was used in the floer. One of the
ITCBs is shown in Figure 1. Composition of the ITCB roots and therr
lecatien are presented in Table 1.

The plans for the three different [TCB roofs are shown in Figure 2.
The circled Ts indicate positions of thermocouples used to measure
temperatures in and through the roof sections. During construction of
the built-up roots, thermocouples were placed (1) on top of the membrane
(below top coating or surfacing), (2) below the membrane (on top of the
insulation), (3) below the insulation (on the plywood), and (4) inside
the ITCB. The outside air temperature above the roof was also measured
(about 3 feet above the roof). Hourlv temperatures were automatically
recorded on a digital printout instrument.

TEST RESULTS - SUMMER
ITCB No. 1: 2-1/2 Inches Urethane/1 Inch Perlite - Black Roof Surface }

ITCB No. 1 was designed to provide a side-by-side comparison of i
surface temperatures and temperature distribution between a highly
insulated section which substantially meets current energy criteria (2-%
inches of urethane board stock) and one which is representative of past
usage (1 inch of perlite board stock). As indicated in Table 1, this
roof provided contrasting thermal resistance (R) values of 19.2 (urethane)
and 2.8 (perlite). Top surfacings of the two built-up roof sections
were (1) a flood coat of black asphalt or (2) white gravel (placed in a
tlood coat of asphalt). This ITCB was located at a high desert site
that is subject to extremely high temperatures in summer and to moderate
freezing temperatures in winter.

Hourly temperature data are listed in Table 2 for June 7-8, 1978. 1
Column 1 lists the time of day, while columns 2 and 3 show the tempera-
tures at the top of the built-up roof with a black surface over urethane
and perlite, respectively. Columns 4 and 5 show the same relationships
for the membrane with a white gravel surface. Columns 6, 7, 8, and 9
indicate the same data just below the membrane, or on top of the insula-
tion. Columns 10, 11, 12, and 13 show temperatures just below the
insulation, reflecting the relative effectiveness of the insulation to
inhibit heat flow. Columns 14 and 15 register inside and outside air
temperatures, respectively.

Although columns 2 and 3 for both days show temperature differences
up to 20 degrees at the hottest time of the day at the top of the roof,

a more realistic comparison would include the entire built-up roof
membrane (i.e., an average of columns 2 and 6 for the membrane over
urethane and an average of columns 3 and 7 for the membrane over perlite).
Figure 3 shows all of the temperatures involving the built-up roof with

a black surface, using averages of "Top of BUR" and "Top of Insulation"
to obtain membrane temperatures. Consjdering first the membrane temper-
atures over urethane and perlite (open circles and open squares), the
differences at the higher temperatures may not seem significant. Some
provocative energy relationships are revealed, however, when the total
time-temperature "envelope" is considered. This time-temperature envelope
is obtained by measuring the area under each of the curves with respect




to selected datum lines. An example is given in simplified torm in
Figure 4 which repeats the June 7, 1978 temperature data ftor the urethane
portion of Figure 3 (columns 2, 6, 10, and 15 of Table 2).

Assuming that the temperatures that a roof experiences result from
exposure to the sun, then the outside air temperature is a measure of
the intensity of the sun for a given day, influenced directly by clouds
and wind speed. Accordingly then, the area ABCDA in Figure 4 can be
called a measure of the "solar heat response," since this area represents
how much the membrane temperature exceeds the outside air temperature
(plus signs) during the daytime hours of highest solar intensity (i.e.,
between 0800 and 1900).

The solid circles in Figure 4 are the temperatures below the urethane.

Assuming that 75°F is a reasonable room temperature for summer and
drawing a horizontal line at that temperature, then the area EFGE repre-
sents a measure of the "cooling required" for the hotter portion of that
day.

In early morning and late evening the membrane temperatures (open
circles) drop below the outside air temperatures (plus signs) primarily
by radiative cooling. Accordingly, the areas HJAH and LCKL represent a
measure of the "radiative cooling"” for that day.

Examination of columns 6 and 10 of Table 2 indicates that the
temperature of the membrane increases more rapidly than the temperature
below the insulation, due to the very nature and function of the insula-
tion (nonsteady state). It is this time delay between the instant of
highest temperature above and reaction to that temperature below that
makes it very difficult to determine a true instantaneous temperature-
drop across the insulation. Nevertheless, the area MBNFM between the
membrane temperature (open circles) and the temperature below the insula-
tion (closed circles) can be used as a measure of the "insulation effi-
ciency" relative to a similarly measured area between the corresponding
two curves involving a different insulation on the same roof. In winter,
insulation efficiency is determined by measuring the areas between
membrane and below insulation temperatures in the early and late daily
hours (e.g., HVMH and LNWL).

Outside air temperatures over the entire day not only indicate
relative heat or sun intensity, but also reflect the effects of cloud
cover, wind speed, and radiation from the membrane during early morning
and late night hours. Measurement of the area under the outside temper-
atures (plus signs) with respect to a datum temperature of 0°F then
represents a measure of the overall temperature severity of that day.
Referring to Figure 4, the area PJDKRP is the area for June 7, 1978
referred to 40°F; the area between 40°F and 0°F must be added to obtain
the total outside air temperature area for that day. Similarly, the
outside temperature area for the hottest portion of the day (0800-1900)
may be obtained by measuring the area STDCUS and adding to it the area
from 40°F to 0°F for 0800 to 190Q.

All hourly temperatures for each day were plotted on 20 x 20 rec-
tangular grid graph paper, and areas were measured with a compensating
polar planimeter that reads to four digits. One square inch measured
100. Each area was measured three times to minimize errors and in
obtain an average.

Relative energy factors and selected temperatures for the black
surface portion of the roof on ITCB No. 1 are shown in Table 3 for
selected days in late spring, summer, and early fall of 1977 and 1978.
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Solar Heat Response. Columns 14 and 15 of Table 3(a) show the
highest membrane temperatures on the built-up roof membrane with a black
surface during each day and column 16 lists the ratio of the temperature
over the urethane to the temperature over the perlite. Temperature over
the urethane was consistently higher and the ratio averaged 1.09 (i.e.,
membrane temperatures over the urethane averaged 9% higher than over the
perlite). Columns 2 and 3 show areas for solar heat response and column 4
indicates the ratio of the urethane portion to the perlite portion.

Values for the urethane portion were consistently higher and the ratios
averaged 1.29. This means that in spite of what appears to be an insig-
nificant difference (9%) on the basis of highest membrane temperature
alone, the solar heat response of the built-up roof membrane over urethane

(R = 19.2) was an average of 29% more than that over the perlite (R = 2.8).

Variations of solar heat response values in columns 2 and 3 reflect
differing degrees of solar intensity influenced by cloud cover and/or
wind speed. Since solar heat response is measured during the hotter
portion of the daytime, the data in Table 3(a) are listed in decreasing
order of solar intensity in terms of outside air temperature areas for
the period 0800-1900 (column 21).

Graphical relationships between solar heat response and outside
temperature area (0800-1900) for the black surface membrane over urethane
and over perlite are shown in Figure 5(a) and (b), respectively. Lines
shown are least squares lines. Figure 5(c) illustrates the relationships
between the two least squares lines, showing that solar heat response
over the urethane is consistently higher and increases more rapidly as
the heat intensity increases (to the right).

Cooling Required. Columns 5 and 6 of Table 3(a) show cooling
required and column 7 lists the ratio of the urethane to perlite portions.
As expected, considerably more cooling is required in the perlite portion
due to the lower R-value. Variations in columns 5 and 6 also reflect
effects of differing solar intensity from day to day. Ratios in column 7
show a trend toward lower values as the heat intensity decreases (i.e.,
toward the bottom of the table). Lines 23 through 26, days with the
lowest heat intensity (column 21), show the lowest ratios. This seems
to indicate that the urethane insulates more efficiently at lower heat
intensities. This is consistent with available data which show that the
apparent conductivity of polyurethane foam is higher at 100°F than at
60°F (Ref 5). More about this is discussed later in this report. The
average ratio in column 7 is 0.37, which means that the perlite portion
(R = 2.8) requires an average of 1 £ 0.37 = 2.70 times as much cooling
as the urethane portion (R = 19.2). Note that the ratio between R-values
is 6.86; there may be an optimum economic thickness of insulation (or
R-value). Graphically, Figure 6 shows cooling required for both urethane
and perlite portions.

Radiative Cooling. Columns 8 and 9 of Table 3(a) list radiative
cooling values and column 10 shows the ratio of urethane to perlite.
Values over the urethane are consistently higher than over the perlite
but there are significant variations caused by the degree to which the
evening and night sky was clear or cloudy. Ratios in column 10 avecrage
1.28, suggesting that the built-up roof membrane over the urethane
(R 19.2) radiates an average of 28% more than that over the perlite

(R = 2.8). Figure 7(a) and (b) show graphical relationships between
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radiative cooling and the outside temperature area from 0000 to 2400
(column 22 of Table 3(a)) for urethane and perlite portions, respectively.
In both cases, the trend seems to be toward lower values at the extremities
of hotter and cooler days (curving down at left and right ends). As
indicated in Figure 7(c), least squares lines for the two show that
radiative cooling is higher in the urethane portion.

Insulation Efficiency. Columns 11 and 12 of Table 3(a) show insula-
tion efficiency values and column 13 lists the ratios of urethane to
perlite. As expected, the efficiency of the urethane (R = 19.2) is
consistently higher than the perlite (R = 2.8). Ratios average 1.53,
suggesting that the efficiency of the urethane is an average of only 53%
higher than that of the perlite, the rather significant R-value ratio of
6.86 between them notwithstanding. As before, these results suggest
that there may be an optimum economical R-value for insulation in a roof
of this type. Figure 8 shows the graphical relationships between the
insulation efficiencies.

ITCB No. 1: 2-1/2 Inches Urethane/1 Inch Perlite - White Gravel Roof
Surface

Figure 9 is a typical plot of temperatures involving a white gravel
roof surface for August 1-2, 1977. Figure 9 shows that differences
between membrane temperatures over urethane and perlite are slight
compared with those in Figure 3. Table 3(b) is a summary of energy
factors for the white gravel surface, tabulated in decreasing order of
heat intensity as with Table 3(a). Columns 14 and 15 of Table 3(b) show
considerably lower temperatures than the corresponding temperatures in
Table 3(a), because the white gravel absorbs much less heat than the
black surface.

Solar Heat Response. Columns 2 and 3 of Table 3(b) show only
slight differences between solar heat response of urethane and perlite
portions. The higher value alternates between the two throughout the
tabulation. As indicated in column 4, the average ratio of urethane to
perlite is 1.02, which is considerably less than the corresponding
average ratio of 1.29 found in Table 3(a) for a black-surfaced membrane.
The average ratio of 1.02 is the same as the average highest membrane
temperature ratio of 1.02, shown in column 16 of Table 3(b). Further
comparisons can be made between Tables 3(b) and (a) by referring to
lines (or days) of equal heat intensity, such as 1 and 1, 2 and 2, 3 and
5, 4 and 6, 5 and 7, and so on.

Graphical relationships of solar heat absorption for urethane and
perlite portions are presented in Figure 10(a) and (b), respectively.
The effects of roof surfacing on solar heat absorption for ITCB No. 1
are shown in Figure 11. White gravel surfacing is much less sensitive
to solar heat than is the black. The color contrast between black and
white is the significant factor involved.

Cooling Required. Columns 5 and 6 of Table 3(b) indicate, as
expected, that more cooling is required in the perlite portion. Wide
variations noted in the values are also reflected in the ratios in
column 7. There seems to be a trend toward lower ratios as the heat
intensity decreases (i.e., toward the bottom of the table). The average
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ratio is 0.37, which is the same as the average ratio shown in column 7
of Table 3(a) ftor the black surface. Graphical relationships of cooling
required tor a white gravel surface over urethane and perlite are shown
tn Figure 12(a). Comparisons between black surface and white gravel
surface data over urethane and over perlite are shown in Figure 12(b)
and (¢), respectively. Least squares lines in Figure 12(b) are almost
parallel, whereas the lines in Figure 12(c¢) diverge at the higher heat
intensities (right side of graph), with the black over perlite showing
more sensitivity to heat than the white gravel over perlite.

Radiative Cooling. Columns 8 and 9 of Table 3(b) show significantly
higher values for the urethane portion. Ratios in column 10 average
I.31, which is only slightly different from the corresponding ratio in
column 10 ot Table 3(a). Figure 13(a) and (b) present graphical rela-
tionships between radiative cooling and the outside temperature area
(column 22 of Table 3(b)) for urethane and perlite portions, respectively.
Figure 13(c¢) shows both least squares lines.

Insulation Etticiency. As expected, columns 11 and 12 of Table 3(b)
show that insulation efficiency of the urethane portion is consistently
higher than over the perlite. The average ratio of 1.24 shown in column 13
is somewhat less than the corresponding ratio (1.53) in column 13 of
Table 3(a), revealing that the advantage of the urethane portion is
dramatically reduced by the surfacing change from black to white gravel.
Insulation efficiencies for the urethane and perlite portions with a
white gravel surface are presented in Figure 14(a) and (b), respectively.
Figure 14(c¢) shows that the urethane portion is more efficient than the
perlite.

ITCB No. 2: 2-1/2 lInches Urethane/1 Inch Perlite - White Roof Surface

As indicated in Table 1, this roof also provided contrasting R-values
of 19.2 (urethane) and 2.8 (perlite). As shown in Figure 2, top surfacing
was (1) white, (2) aluminum gray, or (3) gray gravel. ITCB No. 2 was
placed in the same high desert location as ITCB No. 1.

A typical temperature plot for the portion with a white surface is
presented in Figure 15 for August 7-8, 1978, days of relatively high
heat intensity. Relative energy factors are shown in Table 4(a).

Highest membrane temperatures in columns 14 and 15 show little differences,
although that over the urethane was always higher. The ratio between
the two averaged 1.02, as shown in column 16.

Solar Heat Response. Columns 2 and 3 of Table 4(a) show consis-
tently higher values for the urethane portion. At the higher heat
intensities (top lines of the table), column &4 shows higher ratios and
the ratios decrease as the heat intensity decreases (i.e., lines 7

though 14 of the table). The ratio in line 13 seems to be an exception.
The average solar heat response ratio is 1.41 which means that even with
white surfacing, the solar heat response of the urethane portion is an
average of 41% higher than that in the perlite portion. During the
hotter days, as in lines 1 through 6, the average ratio would be 1.63.

It should be noted that the order of magnitude of the solar heat response
values in columns 2 and 3 of Table 4(a) is much lower than those in both
Table 3(a) and (b).




Cooling Required. As expected, columns 5 and 6 of Table 4(a) show
consistently more cooling required in the perlite portion. Ratios of
urethane to perlite n column 7 are faivly consistent through line 10
(hotter days), but lines 11 through 14 (less heat intensity) show dramatic

decreases in ratios. This seems to indicate either that the perlite

(R = 2.8) is less efficient as the summer heat begins Lo cool or that :
the relative efticiency ot the urethane (R = 19.2) increases as the heat !
intensity reduces. Overall average ratio is 0.22, which means that the

perlite portion required an average of 4.54 (1 + 0.22) times as much i
cooling as the urethane portion over a rather wide range of heat inten- i
sities, ;

Figure 16 shows graphical refationships of cooling required for
urethane and perlite portions. The urethane portion (lower curve) is
much less sensitive to higher heat intensities. The increasing divergence
of the curves as heat intensity increases (to the right) also illustrates
the superior efficiency of the urethane portion with higher thermal
resistance.

Radiative Cooling. Radiative cooling values are shown in columns 8
and 9 of Table 4(a). 1In lines 1 through 6 (higher heat intensities) the
higher of the two is first in the perlite portion and then in the urethane
portion. In lines 7 through 14 the urethane values are consistently
higher. As indicated in column 10, the average ratio of urethane to
perlite is 1.04. Graphical representations of radiative cooling for
urethane and perlite portions are shown in Figure 17(a) and (b), respec-
tively. As noted before, the curves turn down at the extremities of

heat intensity. Figure 17(c) shows that radiative cooling over urethane
is slightly higher than over perlite.

Insulation Efficiency. Columns 11 and 12 of Table 4(a) show con-
sistently higher values of insulation efficiency for the urethane portion,
as expected. Ratios in column 13 are fairly uniform and average 1.55,
which suggests that the insulation efficiency in the urethane portion is
an average of 55% higher than in the perlite portion. Graphical relation-
ships between the urethane and perlite portions are shown in Figure 18.
Convergence of the lines as heat intensity decreases (lower outside
temperature area) reveals that for some climatic condition between

summer and winter, the insulation efficiency would be the same for the
two. Winter relationships are discussed later in this report.

ITCB No. 2: 2-1/2 Inches Urethane/1 Inch Perlite - Aluminum Gray Roof
Surface

Figure 19 is a temperature plot of the aluminum gray surface portion
of ITCB No. 2 for August 7-8, 1978, two days of very high heat intensity.

Solar Heat Response. Columns 2 and 3 of Table 4(b) show consis-
tently higher values for the urethane portion, and the ratios in column 4
average 1.22. Highest membrane temperatures in columns 14 and 15 also
show that temperatures over the urethane are consistently higher than
over the perlite, but ratios in column 16 average only 1.05, compared
with 1.22 (column &4) for solar heat responscz. Figure 20(a) and (b) show
least squares lines for solar heat response over urethane and over

perlite, respectively. As indicated in Figure 20(c), the two lines




diverge as the heat intensity increases (to the right), showing that the
solar heat response over the urethane increases faster than it does over
the perlite.

Cooling Required. Columns 5 and 6 of Table 4(b) show consistently
higher cooling required in the perlite portion, as expected. Ratios in
column 7 average 0.31. Figure 21 shows graphical relationships for
cooling required. Divergence of the least squares lines as heat intensity
increases (to the right) indicates greater sensitivity of the perlite
portion to heat, as expected.

Radiative Cooling. Columns 8 and 9 of Table 4(b) show that during
the hotter days, lines 1 through 11, radiation is higher in the membrane
over the perlite than it is over the urethane. The opposite is true in
lines 12 through 18, the less heat intensive days in the table. Column 10
shows the ratios which average 1.00. Figure 22(a) and (b) present
graphical relationships of radiative cooling for the membrane portions
over urethane and perlite, respectively. The least squares curves are
similar to those in Figure 7, showing that radiation decreases sharply

as the heat intensity decreases. Figure 22(c) shows radiation curves

for both urethane and perlite portions. Radiative cooling is higher in
the perlite portion during the hottest days.

Insulation Efficiency. As shown in columns 11 and 12 of Table 4(b),
efficiency of the urethane is significantly higher than the perlite, as
expected. Ratios in column 13 average 1.59, which means that the urethane
(R = 19.2) is an average of 59% more efficient than the perlite (R = 2.8).
Figure 23 shows least squares lines of insulation efficiency for both
urethane and perlite. Efficiency of the urethane increases more rapidly
than that of the perlite as heat intensity increases.

ITCB No. 2: 2-1/2 Inches Urethane/1 Inch Perlite - Gray Gravel Roof

Figure 24 is a plot of the temperatures of the gray gravel surface
portion of ITCB No. 2 for August 7-8, 1978. As in all the other plots,
membrane temperatures over the urethane are higher than those over the
perlite in the hotter part of the day. Table 4(c) summarizes the relative
energy factors.

Solar Heat Response. Columns 2 and 3 of Table 4(c) show that
except for the last line (18) which was a day of relatively low heat
intensity (column 21), the urethane portion experienced more solar heat
than did the perlite portion. The overall average ratio in column 4 is
1.15, which means that the urethane portion contained an average of 15%
more solar heat than the perlite portion. Solar heat response over
urethane and perlite is shown in Figure 25(a) and (b), respectively. In
Figure 25(c), which shows both least squares lines, the steeper slope of
the line over the urethane indicates more sensitivity to solar heat at
the higher heat intensities. Figure 26(a) and (b) present least squares
lines of solar heat response for all surfaces of ITCB No. 2 over urethane
and perlite, respectively. The influence of the white color in reducing
solar heat response is quite dramatic.
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Cooling Required. Columns 5 and 6 of Table 4(c¢) show that in all
cases more cooling is required in the perlite portion. Ratios in column 7
are fairly uniform except for lines 17 and 18, days of lowest heat
intensity. The overall average ratio is 0.21; excluding lines 17 and
18, the average ratio is 0.23, which means that for 16 of the days
selected, the perlite portion required 4.35 (1 < 0.23) times as much
cooling as the urethane portion. As indicated in Figure 27, cooling
required in the urethane portion is much less sensitive to heat intensity.
Figure 28(a) and (b) show comparisons of cooling required for all three
surfaces used on ITCB No. 2 over urethane and perlite, respectively. In
both cases, the portion with the aluminum gray required the most cooling
while the white portion required the least.

Radiative Cooling. Columns 8 and 9 of Table 4(c) show that, except
for lines 15, 17, and 18, the membrane over the perlite radiates more

than that over the urethane. Ratios in column 10 average 0.92, showing
mild variations. Figure 29(a) and (b) present graphical representations

of radiative cooling over urethane and perlite, respectively. Figure 29(c)
shows that radiative cooling in the perlite portion is higher at the
higher heat intensities. Radiative cooling relationships for all three
surfaces on ITCB No. 2 are presented in Figure 30. Throughout all heat
intensities, radiative cooling is significantly higher in the portion

with a white surface.

Insulation Efficiency. As expected, columns 11 and 12 of Table 4(c)
show that the urethane portion is considerably more efficient than the
perlite. Ratios in column 13 are fairly uniform and average 1.52.

Least squares lines of insulation efficiency for urethane and perlite
portions are shown in Figure 31.

ITCB No. 3: 1 Inch Urethane/1-7/8 Inches Glass Fiber - Black Roof
Surface

As indicated in Table 1, this roof provided R-values of 7.1 and 7.7
for urethane and glass fiber portions, respectively. Top surfacing was
(1) black asphalt or (2) gray gravel. ITCB No. 3 was located at CEL,
Port Hueneme, Calif., a seashore site where moderate summer and winter
temperatures prevail. Relative energy factors for the black surface are
shown in Table 5(a) and black surface temperatures for June 9-10, 1979
are presented in Figure 32.

Solar Heat Response. Columns 2 and 3 of Table 5(a) show only minor
differences in solar heat response between the portions over urethane
and glass fiber. Ratios of glass fiber to urethane in column 4 average
1.01. Highest membrane temperatures in columns 14 and 15 also show
minor differences, with the higher of the two also alternating from one
to the other.

Cooling Required. Columns 5 and 6 of Table 5(a) show very little
difference between the two for cooling required. At the higher heat
intensities, lines 1 through 6, the values over urethane are higher
(except for line 5). At lower heat intensities, values over glass fiber
are higher. Ratios average 1.01.
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Radiative Cooling. Columns 8 and 9 of Table 5(a) show consistently
higher radiation in the glass fiber portion. Ratios in column 10 average
1.24, which means that radiative cooling in the membrane over glass
tiber was 1.24 times as high as that over the urethane.

Insulation Efficiency. Columns 11 and 12 of Table 5(a) show rela-
tively minor differences between the two over all the heat intensities.
The highest differences seem to be in the moderate heat intensity range,
lines 5 through 7, where the efficiency of the glass fiber is higher.

Ratios in column 13 average 1.01.

ITCB No. 3: 1 Inch Urethane/1-7/8 lInches Glass Fiber - Gray Gravel
Roof Surface

Gray gravel surface temperatures for June 9-10, 1979 are shown in
Figure 33. Except for the membrane temperatures during the hottest part
of the day, there are very little differences between the urethane and
glass fiber temperatures. Relative energy factors are presented in
Table 5(b).

Solar Heat Response. Columns 2 and 3 of Table 5(b) show consis-
tently higher values for the membrane over glass fiber. Column 4 indi-
cates an average ratio of 1.09. Except for line 9, highest membrane
temperatures in columns 14 and 15 are over the glass fiber. Ratios in
column 16 average 1.02.

Cooling Required. Columns 5 and 6 of Table 5(b) show moderate
variations, with the higher of the two switching from one to the other.
The ratio of glass fiber to urethane in column 7 averages 0.96.

Radiative Cooling. Columns 8 and 9 of Table 5(b) indicate that in
six of the 10 lines, the membrane over the urethane radiates more than
that over the glass fiber; in line 10 they are equal and in the other
three lines the membrane over the glass fiber radiates more. Ratios in
column 10 average 0.97.

Insulation Efficiency. Columns 11 and 12 of Table 5(b) reveal that
the efficiency of the glass fiber is consistently higher than the urethane.
Ratios in column 13 are fairly uniform and average 1.13, which means
that the glass fiber portion is an average of 13% more efficient than

the urethane portion.

TEST RESULTS ~ WINTER

ITCB No. 2: 2-1/2 Inches Urethane/1 Inch Perlite - White Roof Surface

White surface temperatures for December 7-8, 1978 are shown in
Figure 34. Target interior temperature for measurement of heating
required is 68°F, whereas the target interior temperature for cooling
(summer) was 75°F. Relative energy factors are presented in Table 6(a)
which lists the coldest days at the top, based on outside temperature
area from 0000 to 2400 (column 22).
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Solar Heat Response. Columns 2 and 3 of Table 6(a) show low values
of solsr heat response as might be expected in winter with a white
surface. Values over the perlite portion were consistently higher than
over the urethane, whereas in summer, the opposite was true {see columns
3, aud 4 of Table 4(a)). Based on summer results, it was expected that
the urethane portion with a white surface would contain slightly more
heat than the perlite portion on a winter day, but that slight advantage
is more than overcome by the higher temperature in the membrane over the
perlite shown from 0000 to 0800 in Figure 34. Higher radiative cooling
in the membrane over the urethane (columns 8 and 9 of Table 6(a)), as
well as higher heat conduction through the perlite, makes the perlite
portion warmer than the urethane portion.

Heating Required. The areas between the "below urethane'” and
"below perlite” temperature plots and the horizontal line for 68°F
represent heating required for the urethane and perlite portions, respec-
tively. Columns 5 and 6 of Table 6(a) show that consistently more heat
is required in the perlite portion, as expected. Ratios of urethane to
perlite in column 7 average 0.47 and indicate a trend toward lower
ratios in the warmer winter days (lines S and 6).

Radiative Cooling. Columans 8 aud 9 of Table 6(a) show consistently
higher radiation in the membrane over the urethane. Ratios in column 10
average 2.08 but indicate a trend toward higher values as days are

warmer (lines 5 and 6).

Insulation Efficiency. Columns 11 and 12 of Table 6{a) show that
the urethane portion is consistently more efficient. Ratios in column 13
are fairly uniform and average 1.61. This ratio compares favorably with
the corresponding ratio for insulation efficiency shown in column 13 of

Table 4{a).

ITCB No. 2: 2-1/2 Inches Urethane/1 Inch Perlite - Aluminum Gray Roof
Surface

Aluminum gray surface temperatures for December 7-8, 1978 are shown
in Figure 35. Relative energy factors are presented in Table 6(b).

Solar Heat Response. Columns 2 and 3 of Table 6(b) show that

neither of the two is consistently higher than the other, although solar
heat response in the membrane over urethane is higher in four of the six
cases. Ratios of urethane to perlite in column 4 are fairly low, indi-
cating very little difference between the two.

Heating Required. Columns 5 and 6 of Table 6(b) show consistently
higher values in the perlite portion. Ratios of urethane to perlite
indicated in column 7 average 0.57, with a trend toward higher values in

warmer days (lines 5 and 6).

Radiative Cooling. Columns 8 and 9 of Table 6(b) show that radia-
tion is consistently higher in the membrane over urethane. Ratios in
column 10 indicate considerable variations, with extreme values on
warmer days (lines 5 and 6).
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Insulation Efficiency. Columns 11 and 12 of Table 6(b) show con-
sistently higher efficiency of the urethane portion, as expected.

Ratios in column 13 are fairly uniform, averaging 1.57. This compares
quite favorably with the average ratio in column 13 of Table 4(b) for

summer.

ITCB No. 2: 2-1/2 Inches Urethane/1 Inch Perlite - Gray Gravel Roof
Surface

Gray gravel surface temperatures for December 7-8, 1978 are quite
similar to those shown in Figure 35 for the aluminum gray surface.
Relative energy factors are shown in Table 6(c).

Solar Heat Response. Columns 2 and 3 of Table 6(c) show consis-
tently higher heat response in the perlite portion. Ratios of urethane
to perlite indicated in column 4 average 0.90. Figure 36(a) and (b)
present solar heat response least squares lines for all three surfaces
of ITCB No. 2 over urethane and perlite, respectively. Of the three
surfaces, aluminum gray experiences the most heat and white the least.
This same relationship among aluminum gray, gray gravel, and white was
observed in Figure 26 for summer conditions.

Heating Required. Columns 5 and 6 of Table 6(c) show that the
perlite portion requires consistently more heating than the urethane
portion. Ratios of urethane to perlite in column 7 average 0.58.

Figure 37(a) and (b) present least squares lines of heating required for
all surfaces over urethane and perlite, respectively. The gray gravel
surface required the most heating over urethane (Figure 37(a)), while
the white surtace required the most over perlite (Figure 37(b)).

Radiative Cooling. Columns 8 and 9 of Table 6(c) show that the
urethane portion radiates consistently more heat than the perlite portion.
The warmer days show extreme variations (lines 5 2nd 6). Ratios in
¢otumn 10 average 9.94, but the ratios for lines 5 and 6 are so large
that the overall average has little significance. The average ratio of
the tirst four lines is 2.17. Figure 38(a) and (b) show least squares
lines of radiative cooling for all surfaces over urethane and perlite,
respectively.  Both over urethane and over perlite, the white surface
rodiates the most and the aluminum gray the least.

Insulation Efficiency. Columns 11 and 12 of Table 6(c¢) show that
the urethane portion is consistently more efficient than the perlite
portion. Ratios in column 13 are fairly uniform and average 1.64.
Figure 39(a) and (b) show least squares lines of insulation efficiency
over urethane and perlite, respectively. Over both urethane and perlite,
the white surface is most efficient. Over urethane the aluminum gray
and gray gravel surfaces indicate about the same efficiency (Figure 39(a)),
while the aluminum gray is slightly more efficient over perlite than the
gray gravel (Figure 39(b)).
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GENERAL DISCUSSION OF TEST RESULTS

Solar Heat Response

Each of the 26 lines in Table 3(a) represents one day, so the
average shown at the bottom of the table is a daily average over a wide
range of summer heat intensities. Plotting of daily values yields least
squares lines as in Figure 5. Figure 40 is a compilation of the pertinent
portions of Figures 11 and 26. Figure 40(a) shows the relationships
over urethane, while Figure 40(b) presents relationships over perlite.

The gap between white gravel and white surfaces is probably due to the
"heat sink" capacity of the "gravel" portion of the white gravel.

Table 7 was constructed by obtaining the intercepts of the least
squares lines in Figure 40 with selected outside temperature area values
(measure of heat intensity). For a built-up roof with a black surface,
the average solar heat response shown in column 4 of Table 7 (1.27)
compares favorably with the average in column 4 of Table 3(a) (1.29).

The overall average of 1.27 in Table 7 means that over a wide range of
heat intensities, the black-surfaced membrane over urethane (R = 19.2)
contained an average of 27% more solar heat response than the membrane
over perlite (R = 2.8). One of the purposes of this study was to deter-
mine whether the increased thermal insulation required to meet demands
for energy conservation would affect life and performance of built-up
roof membranes placed over it. The authors believe that an increase of
27% in solar heat response in a built-up roof with a black surface will
reduce significantly the effective life by accelerating decomposition of
the bitumen, thereby contributing to early embrittlement and premature
loss of flexibility of the membrane. The extra heat will also accelerate
formation of blisters. Measurement of progressive embrittlement of
asphalt was not possible in the relatively short timeframe of the study.

Average ratios for other surfacings in Table 7 indicate (1) 1.21
for aluminum gray, (2) 1.13 for gray gravel, (3) 1.01 for white gravel,
and (4) 1.31 for white. Except for white gravel (1.01), these ratios
are considered significant. 1In most cases, the ratios for hottest
weather (top lines) are higher. One way to minimize solar heat response
when the thermal resistance to heat flow must be increased is to place a
portion of the insulation in the ceiling rather than putting all of it
on the roof.

The rather dramatic influence of surface color on solar heat response
is evident in both Figure 40(a) and (b). Table 8(a) and (b) show reduc-
tions in solar heat response due to roof surfacing over urethane and
perlite, respectively. Columns 2 through 6 in Table 8(a) and (b) came
from Table 7. For example, values in column 2 of Table 8(a) are identical
to those in column 2 of Table 7. Likewise, values in column 2 of Table
8(b) are identical to those in column 3 of Table 7. Table B8(a) shows
that at the highest heat intensity (top line of the table) solar heat
response in a 4-ply built-up roof over 2-1/2 inches of urethane insulation
can be reduced (1) 33.0% (column 7) by changing from black to aluminum
gray, (2) 34.1% (column 8) by changing from black to gray gravel, (3) 64.8%
(column 9) by changing from black to white gravel, and (4) 89.4% (column 10)
by changing from black to white. Likewise, columns 11 through 13 list
reductions by changing from aluminum gray to gray gravel, white gravel,
and white, respectively. Columns 14 and 15 show reductions by changing
from gray gravel to white gravel and white, respectively. Column 16
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shows reductions by changing from white gravel to white. Obviously, a
few of those changes in surfacings shown in Table 8 would be impractical,
but most of them present reasonable alternatives to drastic roofing
alterations to reduce energy consumption. Average reductions for the
surface changes are shown in the last line of Table 8(a).

Table 8(b) reveals the same data for a 4-ply built-up roof over
1 inch of perlite insulation. These results are even more significant
than those over urethane because many older roofs have 1 inch of perlite
or equivalent thermal resistance. Depending on present surfacing,
average reductions in solar heat response up to 89.2% (last line of
column 10) can be achieved simply by changing surfacing, in this case
from black to white. Such a reduction in solar heat response will
reduce significantly the air conditioner loads during times of high
summer heat.

To translate such reductions in solar heat response over perlite
into more meaningful terms, Table 9 and Figure 41 were prepared. Values
for columns 2 through 7 of Table 9 came from Table 8 and Figures 6, 21,
27, and 40. VFigure 41 is a plot of data in columns 2 through 7 of
Table 9. VUsing the average reductions in solar heat response presented
in Table 8(b), Table 10 was constructed to show reductions in cooling
required which correspond to certain reductions in solar heat response.
Referring to Table 10(a), the solar heat response value of 700 in line 1
of column 3 is the highest solar heat response obtainable with the
"black over perlite” curve in Figure 41. From Figure 41, the corres-
ponding cooling required (495) is entered on line 1 of column 4.

When the surface is changed from black to aluminum gray, column 7
of Table B(b) indicates an average reduction of 34.1% in solar heat
response; this figure is entered in line 3 of column 3 in Table 10. The
reduced solar heat response for line 2 of column 3 can then be calculated:
700 x (1.00 - 0.341) = 461. Using the "black over perlite" curve in
Figure 41, the cooling required corresponding to a solar heat response
of 461 is 226; this value is entered on line 2 of column 4 in Table 10.
The reduction in cooling required which corresponds to a 34.1% reduction
in solar heat response is then calculated as follows: 495 - 226 +
495 x 100 = 54.3%. Thus a change in surface from black to aluminum gray
reduces the solar heat response by 34.1% but also reduces cooling required
by 54.3%. Similarly, column 10 of Table 10 shows that a change from
black to white reduces cooling required by 93.1%.

Table 10(b) and (¢) show reductions in cooling required when roof
surface is changed from aluminum gray and from gray gravel, respec-
tively. Admittedly, some of the changes are impractical, but all are
presented for completeness.

when aluminum gray is changed to white, Table 8(b) shows a reduction
of 83.4% (column 13) in solar heat response and Table 10(b) indicates a
corresponding reduction of °4.1% (column 8) in cooting required. In
winter, the effects of chauging from aluminum gray to white are somewhat
different. Table 6 showr relative energy factors for winter. In this
discussion, the most i1mp>rrtant energy factor is heating required, because
it is 1nvoived throughout the entire day, 0000 to 2400, as shown in
Figures 34 and 35. Figire 37 presents appropriate data for winter.

Table 11 was constructe: by taking intercepts of the lines on Figure 37(b)
with selected outside t-mperature area values. Data corresponding to
the coldest weather apjear on the top line of Table 11.
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Columns 2 and 4 of Table 11 show heating required. Ratios of white
to aluminum gray are listed in column 6. In the coldest weather (top
line) the ratio is 1.16 which means that a change from aluminum gray to
white would result in heating requirement 16% higher. The overall
average increase of 19% shown at the bottom of column 6 does not approach
the order of magnitude of the reduction in cooling required in summer
(94.1%). Since we are dealing with time-temperature "areas'" and not
"heat units,”" these comparisons must be viewed as relative.

Radiative Cooling

Figure 42(a) and (b) show radiative cooling relationships for all
surfaces of ITCB No. 1 and No. 2 over urethane and over perlite, respec- :
tively. Except for the coolest temperatures (left side of graph), the ;
white surface shows highest radiative cocoling in both cases. Columns 2
through 6 of Table 12(a) and (b) give the ordinates on the respective
curves corresponding to the outside temperature values shown in column 1
over urethane and perlite, respectively. Columns 7 through 10 show
ratios between radiative cooling for the gray gravel surface and the
other surfaces. Average ratios in Table 12 show little differences
between gray gravel and aluminum gray (column 7) but increasing differ-
ences for the other surfaces, with the white surface having the highest
ratio both over urethane (1.92) and over perlite (1.67).

For a given surface, differences in radiative cooling over urethane
and over perlite are pr .ented in Table 13. Radiative cooling data for
Table 13 came from Table 12. For example, column 2 of Table 13 came
from column 5 of Table 12(a) and column 3 of Table 13 came from column 5
of Table 12(b). For each of the surfaces, the third column (4, 7, 10,

13, and 16) shows ratios between urethane and perlite. Overall average
ratios show that with black (column 4), white gravel (column 7), and

white (column 10), radiative cooling is higher over the urethane (R = 19.2)
than the perlite (R = 2.8) by 28%, 27%, and 6%, respectively. Radiative
cooling over perlite is slightly higher than over the urethane in membranes
with surfaces of aluminum gray (column 13) and gray gravel (column 16).

Table 6 shows that in winter the radiative cooling for all surfaces
is consistently higher in the membrane over urethane. As in the summer,
the highest radiative cooling took place in the membrane with a white
surface.

Since all measurements and analyses in this study were conducted
under non-steady state conditions, it is not expected that heat flow
equations based on steady state assumptions will apply. The authors
acknowledge the basic value of mathematical equations for expressing
engineering phenomena. We believe that experiments in the '"real world"
also contribute to the general store of knowledge and sometimes open
doors to new approaches to understanding these phenomena.

It has been suggested that the heat capacity (specific heat) of
insulation has a profound influence on the surface temperatures it
experiences. That is, a built-up roof containing an insulation with a
high heat capacity would be expected to show higher surface temperatures
than one containing an insulation with a low heat capacity. Thus, if
urethane has a significantly higher heat capacity than perlite, the
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built-up roof over urethane should show higher temperatures. An inves-
tigation of measured or observed specific heat values shows that there
is considerable confusion as to what the values are for any of the
customary insulations used in roofing. Some authorities show a higher
specific heat for urethane than for perlite and other sources show that
they are about the same. Still, others do not show any specific heats
at all. The authors believe that until the true specific heats can be
determined, this matter must remain unresolved. From the data presented
in this report, a built-up roof over 2-1/2 inches of urethane will be
considerably hotter than one over 1 inch of perlite.

CONCLUSIONS

1. Other things being equal, a built-up roof membrane placed over
insulation with high thermal resistance will be subjected to significantly
higher temperatures than one placed over insulation with a low thermal
resistance. These higher temperatures are likely to reduce the service
life of a black roof by accelerating decomposition and embrittlement of
bitumens. Higher temperatures will occur whether the high thermal
resistance is obtained with one thickness of board stock or with multiple
layers and regardless of the roof surfacing, although some light colored
surfacings greatly reduce the order of magnitude and overall effect of

the higher temperatures.

2. Color and type of roof surfacing directly affect the solar heat
response and radiative cooling of a built-up roof. To minimize membrane
temperature effects on built-up roofs, surfacings in order of best to
worst are (1) white, (2) white gravel, (3) gray gravel, (4) aluminum
gray, and (5) black.

3. Over a wide range of heat intensities, the black-surfaced membrane
over urethane (R = 19.2) showed an average of 27% higher solar heat
response than the membrane over perlite (R = 2.8).

4. At the highest heat intensities in summer, solar heat response in a
4-ply built-up roof over 2-% inches of urethane can be reduced (1) 33.0%
by changing the top surfacing from black to aluminum gray, (2) 34.1% by
changing from black to gray gravel, (3) 64.8% by changing from black to
white gravel, and (4) 89.4% by changing from black to white. Over the
whole range of heat intensities, the average reduction in solar heat
response by changing from black to white is 88.8%.

5. At the highest heat intensities in summer, solar heat response in a
4-ply built-up roof over 1 inch of perlite can be reduced (1) 29.5% by
changing top surfacing from black to aluminum gray, (2) 30.9% by changing
from black to gray gravel, (3) 56.1% by changing from black to white
gravel, and (4) 89.9% by changing from black to white. Over the whole
range of heat intensities, the average reduction in solar heat response
by changing from black to white is 89.2%.

6. Reductions in solar heat response also result in corresponding
reductions in cocling required. Over 1 inch of perlite, an average
reduction of 89.2% in solar heat response when black is changed to white
also results in a 93.1% reduction in cooling required.
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7. Advantages gained by changing surfacing to reduce solar heat response
and cooling required in summer far outweigh the corresponding slight
increases in heat required in winter.

8. There may be an optimum economic thickness of insulation for a given
type of built-up roof.

RECOMMENDAT IONS

1. When it is necessary to improve thermal resistance of an existing
roof to reduce energy consumption, serious consideration should be given
to changing the surfacing to a lighter color as an alternative to more
expensive reroofing. Another alternative is to place additional insula-
tion in the ceiling to avoid increasing the membrane temperatures by
adding insulation to the roof.

2. When possible in new roof design, it is recommended that provisions
be made to place the bulk of the insulation in the ceiling rather than
on the roof.

3. When there is no ventilated area with a ceiling and all insulation
required for energy conservation must be placed on the roof, it is

strongly recommended that it have the lightest colored surfacing commen-
surate with the design. For example, if the roof is to be smooth surfaced,
a white coating should be specified; if the roof is to be gravelled,

white gravel {limestone) is preferred.

4. To determine the optimum economic thickness of insulation, studies
of the type reported herein should be made on built-up roofs containing
at least three different thicknesses of the same insulation type.

5. Comparable studies should be made of spray-applied polyurethane foam
roofs to determine temperature-time effects of various foam-coating
combinations.
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Table 11, Heating Required Due to a Change in Roof Surtace
fram Aluminum Gray to White over Perlite;
ITCE No.o 1 and No. 2, Winter
[ e -
Heat ing Required natio of White to:
Outside from Figure 37(h) L ek ¢ )
r“ml“‘r“i”r“ Wi i Lo R Cray Aluminum Gray Aluminum
Arca’ ' - Gravel Grav Gravel Grav
T '7"r~‘ . - ! e
(H (2) (3) () (%) (6)
900 626 610 540 1.03 1.16
| 1000 555 538 476 1.03 I.16
1106 483 454 411 1.06 1.18
1200 510 392 347 1,35 1.18
1300 338 321 281 1.05 1.20
1400 257 249 217 1.03 1.18 ‘
1500 194 179 152 1.03 1.28 4
avy — ~—- | —— 1.05 1.19
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Figure 2. Plan of experimental insulated temperature controlled buildings (ITCRH).
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Figure 7. Radiative cooling in urethane/perlite built-up roof,
black surface, I'TCB No. 1, summer.,
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Figure 22, Radianve cooling in urcthane/perlite built - up roof, aluminum gray surface, ITCB No. 2, summer.
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Figure 30. Radiative cooling in urethane/perlite built -up roof, all surfaces, ITCB No. 2, summer,

62

PP I e e L o




Insulation Efficiency

stionatnbadonii ol

1000

900

K00

700

6O

300

400

Ry

200

100

.

- -
L -

| N

- -
- -
| | | I | |

a0 116 1300 1500

Qutside Temperature Area (0800 - 1900)

Fagure 310 Insulation efficiency in arethane/perhite built -up
root grav gravel surface, TTCB Noo 20 sumimer.

63




SINOF] Ul dWIL 0L

0000 00TT 000T  008L 0091 00t1  00Z1 0001 0080 0090 00+0  00ZO 0000  00ZT 000T

0081

0091

0ot i

00Tt

0001

0080

€ TON HDLL 6261 "01-6 aun{ 103 joor dn-ajing 1oqis sserdouryidin ut soamesndwd adxepuns yoelg g dndiy

0090

00+0

0o

OOen)

rrrrrr 171t 1T 1T 17 17 1T |

;-

[

I

I

e dpINING +
PAUIDEY G

am wopg @

I

!

ot

00l

011

J somidap ur anamadua g

64




0000

0007

EON UL 6261 '01 - 6 dun[ 10} jooa du-apmq aaquy ssedzaueygioan wr saamriadway dovyans aaead Aeay g¢ aandiyg

SANOF] UL WL YOO

0091 0oct 0080 00t 0000 0007 0091 0071 G080 0 Q000

1

[ R R A A R

XY VY0 c
- 9 )
( !
i 7
Q kg T e
— v :
%
M & )
b— o .
— | % —
6L-01-9 , 6L-6-9
— 1ie Ipisangy —
saepns [2aeid Aeid - 1aqyy ssud mojag
3oejns [aawid Lead - 1aquy ssB(3 1940 JUBIQUIDW
— asepns (2ae18 Aeid - susylain moyag J
| adejuns [2Ae13 {e1d - JuBYIaIN 13A0 FUBIQUIIW J
[ | S I T T T SO S I

ot

a6

0ol

ol

[She!

0gl

orl

A saaadap w amiaaduwag




-
4
TN HOLE RLo0 K - L ISQUDIA(] 0} jood L:.:_:; u:tu&\.:::t.:: ut sounesadinayg IS YW HE .M:r.:; %
]
i
{
SINOL] UL DWW YO0 o
OO0 000 0091 00¢l 0080 00+0 0000 0007 0091 001 00RO 000 0000 vl
. 0
T T 1 g T T 1 |
R s e e T 1 ]
{
AN O GGAAA_ "
Q N ,A :
N
'5.’7 el T .- .
C] g |
" - = “
[/ (ST
9
\‘ (13 o M
1T 2
Q [E=> .
£ |
b (IR
aimaesadwa 1e 3psing +
L3

apaad saa0 dSUBIGQUIAY g

T auRYIAIN MO(Ig ‘

JUBYIAN IDAO IUBIUUIIWY A

AN A N I N S U N (N E B

— RL-8-C1 pad wopag . 8L-2-C1 J LN
—

Ux

1y




TONHOLL RL6L 8 - L 4aquuada soy jooa dnapng aiuad;oueyiaim un saanyeaadway adeyins sead wnuiwnpy g¢ aandig

NINOFE UL O MO0

0000 0ong 09| [Irg! DORO 000 0000 0007 0091 00Z1 0080 00t0 0000
R ] O
T 17 17 11T 17T 17T 1T T1 T 17 17T 17T T T 717 T1
cccccccc: 01
00202030
& 244 0- -
0\.3 FFTERYY G\ﬂﬁﬂ¥°.°’¢ﬁ° ) 0z
o PRI PR R B
0‘ ot
S ; or =
2 ™~
(] ; .m o
@ ‘ 0s 2
\ g
v a
09 3z
) | £
— \ \0 8.-8-71 “ 8L-L-21 — 0t & ]
>P4G _ = ”
— o — 08
A0 asmaesaduiay e dpisInQ +
— aupaad mojag o —~— 06
211jied Juraquudpy
- 1jied 1240 W . 1 vor
Juryl3In mo[ag . a*..
L AUBYIAIN IIA0 JUBIQUIIW G -4 011 . y.
-




121U Y7 CON {01 ‘SIS e Jood dn-apng anpaad aueiaun ut pasinboa Funesyy z¢ sundiy

anpad 1000 q

(00HT - 0000) B21Y 2aamEe1ddwa | 3pIINQ

00st oot (LAY [CATAY aotl 0001 006 008
3]
T—17 1T 1T T T
rl —_ 001
— 00T
[paead Aead — 0t
Leaf wnumwnie

- Niyn — Ot
— —{ 00§
ﬁl — 009
— _ h r P ;— 0oL

TIDIUIM SIOR NS

apad aa g

{0061 - DORD) PIIY u\_::C.::._Eu._. RIARIATS]

008]

00l

009

00¢

ant

T

_

RILIVANY

arad Arad /

Ll

N —

.
et wnurne

| | | |

—

061

00¢

NhHg

3 vjog

muodsay e

paainbay Auneayy

AUBYININ 12A() B

(00%Z - 000) eIV amiE1adwd | 3pIING

WSt HOFL 00€1 00ZL 0011 0001 006 008
1 T 1T T | °
alym
—{oo1
—j 00t
{esd winuuynie —
- — 00f
|aaesd Aedd
— — 00t
- — 00§
ﬁl —1009
U T N N N N
L

7 oN 9901 jovs dnapng supad suryidan un asuodsar ey avos 9¢ iy

A.J:_‘L?J»: Jan(y ¥

(0061 - 00RO BaIy ameadwa | apsinQ

008 00l 009 00¢ 0ot
2Yn
— 1pavad ?.&/ ]
(PR winuunge

0

ol

11t

11113

auodsay irapg aejoy

pannbay Aunroyy

68

e

PPR.




300
250}—

200 p~—

gray gravel

Radiative Cooling
E

100 p—
aluminum gray

50 p—

| S I I S

0
800 900 1000 1100 1200 1300 1400 1500
Outside Temperature Area (0000 - 2400)

(a) Over urethane

T T T T T T

250) poame —
200 p— —
o0
&
8
v 150 — —
=
3
100 — —
aluminum gray
50—

Y S S B

R00O 900 1000 1100 1200 1300 1400 1500

Qutside Temperature Area (0000 - 2400)

(b) Over perlite

Figure 38, Radiative cooling in urcthane/perlite built-up roofs, all surfaces, ITCB No. 2, winter.
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Figure 41, Relationships between solar heat response and cooling required in membrane over perlite,
I'FCB No. 1 and No. 2, summer.
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Figure 42, Radiative cooling in urethane/perlite built -up roof, all surfaces, ITCB No. 1 and No. 2, summer.
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Mant Control Dir - Yorktown VA

NAVWENSTA PW Othiee (Code 09CH Yorktown, VA

NAVWENSTA PWOLU Seal Beach €A

NAVWENSUPPCOEN Code 09 Crane IN

NCBU 0% O1C, San Phego, €A

NCBC Code 10 Daviscdle, RE Code 1550 Port Hlueneme CAL Code 136, Port Hueneme. CAL Code 25111 Port
Hucneme, CAL Code 3 Gultpast MS.NEFESA Code 232 (P Winters) Port Hueneme, CAL Code 430 (PW
Foerney Gultport, MS. PWO (Code Sy Port Hueneme, CAL PWOL Davisnilie RI
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NCBU 311 OIC, Nortolh VA

NCR 200 Commander

NMOB 740 CO; Forn, CO THREE. Operations OILL

NOAA Library Rockville, MD

NORDA Code 340 (Ocean Rach Ot Bay St Tous MS

NRU Code 3800 Washingron, DO Code 8440 (R A Shopy, Washimgton DC

NSC Code 341 (Whaner, Nortolh VA

NSD SCEL Subie Bav, R P

NTC OICC, CBL 40T, Great ahes 1

NUSC Cade 1310 New London, CLo Code EAL2Y (RS Muony, New London €1 Code 3320 B-s0 (1 Wilcoy)
New London, CF Code SB 330 (Browat, Newport REC Code TAT3 6. De a Cruz), New London O

OCEANSYSEANT 11 AR Guneola, Nortolk VA

ONR Code 483 (Sibvay Arhingion. VAL Central Regronad Ottice. Boston, MAL Code 2210 Arhington VAL Code
TOOF Arhngton VAL (Saentte ity Pasadena, CA

PHIBCB | PAEL San Dicgo. OA

PMTC Code 333108 Opatowahyy Pomt Mugo. CAL Pat Counsel. Pomt Mugu CA

PWCO (Lt ES Agonon Pensacola, FLOACE Othiee (1 1G-S Germuaany Norfofk VAL CO Nartolk, VAL CO,
(Code 1, Oakband, CAL COL Gireat akes L Code 100 Great Lakes, T Code 1100 Oakland. CAL Code
1200 Oakland CAL Code 1200, thibrary) San Diego, CAL Code 1280 Guam: Code 134, Great Lakes, 1
Code 200, Great Takhes 10 Code 2000 Guam, Code 103 Oaklind, CAL Code 22001, Norfolh VAL Code 30C,
San ego, CAL Code H00 Great Lakes, 110 Code 400, Oakland, CAL Code 4000 Pearl Harbor. HI: Code
W, San Diego, CAL Code 4200 Great Takes, 11 Code 4200 Oakland, CA; Ut Dept (R Pascua) Pearl
Huarbor, HILL Cade SOSA (- Wheelery, Code otd0 Great Bakes, 1L Code a0l Oakland, CA:L Code of0, San
Dicgo Cat Code 700 Grregt Fakes, 1. Code 7000 San Piego, CAD T TIG T MeChune. Yokosuka, Japan:
Library, Subiwe Bav, R PO Unhiies Otticer, Guam

SPOCC PWO (Code 1200 Mechamiesburg PA

VA Smchkser, Knossiile, Lenn

UCT TWO OFC, Nortolh, VAL OFC, Port Hueneme CA

US MEPRCOHANT MARINE ACADEMY Kings Point, NY (Reprt Custodan)

US DEPT OF COMMERCE NOAA] Pacfic Manne Center. Scattfe WA

US GEFOLFOGICAL SURVEY Ot Manne Geology, Prelehi. Reston VA

USCG G-MM TR (F Speneen)

USAEF REGIONAL HOSPITAL Farchild AFB. WA

USAEF SCHOOL OF AFROSPACE MEDICINE Hyperbane Mediome Div, Brooks AFB. INX

USCG G-EOV O b Sputh Washiagton, DO Smithy, Washington, DC G-EOE-4 11 Dowd), Washington, DC

USCG RAD CENTER D Motherway . Groton C1T Tech D Groton, Ol

USDA Forest Products Tab, Madison WL Foredt Service. Bowers, Alanta, GAL Forest Service., San Dimas, CA

USNA Ch Mech Eagr Dept Annapols MDD Cial Boge Dept (R Brehah) Annapols MDD Foergs-Bnviron
Studv Gipo Annapebs, MDC Eogr Div (O Wl Apmaplolis MD O Foaviron Prot. RAD Prog. (1. Wilhams,
Annapolis MD. Ocean Ssv B Dept (Dr Maonney) Annapohis. MDD PWD Engr Dy (C - Bradtord)
Annapolis MDD PWO Annapolis MD

AMERICAN CONCRE PEOINSTHIUTE Detront ME (Dhibrany

ARIZONA State Foergy Programs Ot Phoemix A/Z

BONNEVHIE POWE R ADMIN Portland OR (Energy Consie OE DL Daveyy

BROOKHAVEN NATE FAB M Stemberg, Upton NY

CALIE DEPL OF NAVIGATION & OCEAN DEV Sacramento. CA (Gl Armstrong)

CATTE MARITIME ACADEMY Valicio, CA (Librany

CALIFORNIA STATL UNIVERSHY TONG BEACH. CA (CHELAPATH

COPUNMBIAPRESBY TTRIAN MED CENTER New York, NY

CORNEIT UNIVERSEEY Dthaca NY oSerabs Dept. Eogr b))

DAMES & MOORE TIBRARY 1OS ANGETES., A

DUKE UNIV MEDICAT CENTRER B Muga, Darham N(

FLORIDN ATEANTIC UNIVERSIEY Boca Raton FEOW Hartt)y, Boca Raton. FU (MeAThsten)

FOREST INST FOR OCEAN & MOUNTAIN Carson Gy NV (Stadies - Tibrar)

FUBL & INTRGY OFHICE CHARIESTON. WY

GEORGEA INSTTTUTE OF TFCHNOLOGY (11 R Johnson) Atlanta, GA

FEAWAL STATE DEPL OF PLAN X FCON DEV Honolulu 0T t1ech Into Ciny

INSTIEUTE OF MARINE SCHNCES Morehead ity NC (Diredton
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TOWA STATE ENIVERSIHEY ANmes 1A (CF Dept. Hlandvy

WOODS HOLE OCEANOGRAPHIC INST Woods Hlole MA (Waineen

KEENE STATE CONTEGE Keene NH (Cuannmghan

PERHGED UNINERSIETY BE THEEHEM. PA (MARINEG GEOLTECHNICAL T AB L RICHARDS), Bethichem
A thinderman Tib No 300 Blechstemen

SEAINE NMEARTEIME ACADENY CASTINE D ME (TIBRARY)

MAINE OFVICE OF ENERGY RESOURCES Augusta. Mi

MICHEGAN TECHNOLOGICAL UNIVERSITY Houghton, M1 1L

MISSOURE ENERGY AGENCY Jettenson City MO

MET Cambndee M Cambidee MR Ta-3000 Tech Repoets, Eagr Ui Cambndec. N tHatleman)

MONTAN N ENERGY OFFICE Anderson, Blelena. M1

NATE ACADEMY OF ENG O ATENANDRIAD VA GSEARIT IR

SEW HAMPSHIRE Concord NH tGosernor < Counail on Fnerey)

NEW MENTCO SOEAR ENEPRGY INST D Zwabel Tas Cruces NA

NY CHEY COMNEUNIEY COHTEGE BROOKEYN. NY (TIBRARY)Y

NYS ENTRGY OFFICE Tabranv, Albamy NY

ORFGON STATE UNIVERSMIEY (CF Dept Graces Corvadlis, ORD CORVALLIS, OR (CE DEPY. HICKS):
Corvalin OR (School ot Oceanography)

PENNSYTEN ANTA STATE UNIVERSIEY STATE COTLEGE. PA (SNYDER)

POLLLTION ABNTENENT ASSOC Graham

PURDUT UNIVERSIEY Datavene, IN (Alschactths atavette, IN (O Fogr iy

CONNE CHICUT Hadond CE (Dept of Plan. & Foerey Pohev)

SAN DIFGO STATE UNIV T Noorany San Paego, CA

SCRIPPS INSTIIULE OF OCE ANOGRAPEHY T TOUD N CA CAD NS S Dyegos € (NManma Phy Lab

Spiessd

SEATTLE U Pror Sehwaeeler Scatde WA

SEATE DNV OF NEW YORK Buattalo, NYL Fort Schinder, NY L ongobandn

TENAS NAM UNIVERSIEY College Station X (CE Depr Hlerbichy, W B Ledbetter College Staton, §N

CUNIVERSIEY OF CNTHORNENY BERKELEY, €A 0 DEPLGERWICK), Berheley Oy 4T Pearson).
DAVIS, N o DEPL EANYTORY Energy Fogincer, Davisc CACTIVERMORE ©CA ] AWRENCE
FINE RMORE T AB. TORKARZS Lo bolla ©N Ny Depte Tib Com<00 A Duncan, Berkeleyr €A

NVERSEEY OF DEEAMWARE Newark. DE aDept of Cral Fogmecnmg. Chessony

NIVERSEDY OF AW AT HONOPUT U HE SCHENCTE AND THCH DIV

NEVERSIEY OF TEFINOIS Mets Rer Rmy Uabang 10D URBANA T (DAVISSONY URBANN L
TEIBRARY 1 URBANAD T (NEWANARKY, Urbana TE (CE Dept. W Guamble

NIVERSIEY OF MASSACHUSH PSS (Heconemas), ME Depto Amhenst, M

NIVERSEEY OF NEBRASK Y LINCOEN Tincoln, N fRoss Tee Shelt Prog)

NIVERSTEY OF PENNSYEVANTIA PHEADELPHIN. PA GSCHOOD OF TNGR & APPHH D SCHNCE
RO

NIVERSHEY OF TENAS Inat Marme Sa by, Port Nrkansas TN

NIVERSHY OF TENAS AT AUSTIN AUSTING [N (THOMPSONY Austn, TN (Breem

NIVERSITY OF WASHINGEON (81 o0 D Carlom Seatties WAL Dept ot Cial Fagr (De Mattock )y,
Seattle W AUSE ATTTE D WA 1OCE AN FNG RSCHE D AR GRAY L Seattle WA Baneeny, Seattle, WA
fransportation. Consttinbion & Geom D

USNIVERSTEEY OF WISCONSIN Midwauhee WEHCn of Great Lakes Studiesy

MIRGINEY ISSNT OF MARINE SO Gloweester Poant VA chibarag

AERED N YEE & ASSOC Dibranan. Hlonolula, HI

ANME TR Ottshore Res & Faer D

ARMVIDY GRANT OLYNMPEN WA

ANTTANTIC RICHEIETD €O PYNET AN, TN (S\HITD

BAGGS ASSOC T Beantort,

BECHITE CORPOSAN FRANCINSCO C A PHET Sy

BOUMW KAMP INC Berheles

BRIFISTE EMBASSY MO8 Walkins oSar & Tech DPepty Washimatan, D

BROWN & CATDWEDTD BN Squnders Wadnat Creck, CA

BROWN & ROOT Houston 1N (D Wandy

——
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CANADA Can-Dive Services (Boglish) North Vancouver: Mem Unin Newtoundbnd Chany, StoJohins: Nowva
Scotia Rech Foaad. Corp Dattmouth. Nova Scoti, Suivevor. Nenminger & Chenevert bne . Montreal:
Lrans- Mot O Pipe Lone Corp Vancouver. BC Canada

CHEMED CORP Lake Zunch 1E (Dearborn Chem Div by

COLUMBIN GUTE TRANSMISSION CO. HOUSTOND IN (ENG TR

CONTINENTAD O CO O Mavson, Ponca Citv, OK

DESIGN SERVICES Beek, Ventura, O :

DU TINGEEAN PRECANT B NMettale, Honolulu HI :

DINTE DIVING CENTER Decatur, GA

DURLACH, O NEAT JENKINS & ASSOC T Cotumbia 8¢

EVATUATION ASSOC INC KING OF PRUSSEA. PN (HTDEET

FORD. BACON & DAVIS, INCNew Yook thibrang

FRANCE D Dutertre. Boulogne: Poodensen, Bowlogne, Roger Ta€ o, Pans

GENERAL DYNAMICOS Flee, Boat Do Foviron Fogre 111 Wallman), Groton O

GEOLECHNICOAND PNGINEERS INC Wanchester, M (Poakding) i

GLIDDEN CO O STRONGSVHTE L OFF (RSCH HB) :

GOU LD INC fech Thibo Ches oz Div Gilen Burnie MD 1

GRUNNAN AL ROSPACH CORP Bethpuge NY (Tech Into Cu '

HATEY & ALDRICHD INC Cambrdee M (A Ldnch, 1o

LEALY M Canons Mk Sergo Fattom Milano, Tormo (8 Tevn

KRENNT PH EATOR ASSOC CORANOPOLIS. Py HIBRARY )

FOURKHEED MISSHES & SPACE CO O INC Dept 37220 (Rynewiezd Sunmvvale., C A Sunmssale. €A (K|
Krug)

FOCKHEED OCEAN T ABORNTORY tGilberty San Diceo, €A

MARATHON O CO flouston TN

MARINE CONCREE STRUCTURES INCONEFAIRIE DA AOINGRATAND

MATRECON Oakland, ON (Havm

MODONNE L AIRCRAFD CO gbavmam Support Tech Dope St L ows, MO

MEDERMOTPT & COF Diang Dyvsions Havev, 1A

MENICO RO Candenas

AIEDE AND ROSS CORP O JOLEDO. OB g RINKT Ry

MOBID PIPE LINE CO O DATTAS, TN AMGR OF ENGR INOACK)

MOPEATT & NCHOD ENGINEERS (R Padirert tone Beach, €A

MUBSERD RUTTEDGE. WENITWORTH AND JOPINSTON New Yok (Richardsy

NEW ZE AT AND New Zealand Conerete Rescatch Ao (D dtanany, Porrua

NEWPORE NEWS SHIPBI DG X DRYDOCK CO O Newport News VA (lech i

NORWAY DE T NORSKE VEREEAS ghabranv Oos DE L NORSKE VERITAS (Rorem Osoc b Creed. Sk
Nomwernan fech O eBrndtzacer. Teondhom

PACTEIC MEARINE THCHNOTOGY A MWoeneny Davall, WA

PORTEAND CEMENT ASSOC SROKIE 1T 0CORTEY D SKOSH T oRTIFGER). Skoehe T (Rwh & Dy
| ITAT AN

PRESCON CORDP TOWSON . MDY RELHTE R,

RAYNMOND INTERNATIONAL INC T Colle Sool Fech Depte Pennsauken N

SANDEN TABORNTORIES Adbuguergue. NN cVortmm, ity Dy Divermare €\

SCHEPNCK ASSOC SO NORW ALK CF oSOt P e Ka

SEATOOD | ABORNTORY MOREHE AP CHEY. NC G TIRRARY)

SEATHOH CORPONEANT BT P ROND

PHLE D NELOPNIENT o Houston TN 10 Seblars 1y

SHETTD b o HOUSTON D PN ONARSHALD

SWEDEN Comont & Convrete Research fist Stockhobm . Geoledh Tost VBB b Stockholm

e INTO N O IIN iy O Onkmeont PA Ly

PENTHON INC D UEEAT O NY (RESEARCIT CENTER [IH

W N TG CONSTR €O Nortolh v N b oadens
W SN NS REDONDO BE NCHL €N (DD
o ARBIDE CORE R T NLtel Boton M
core e et Cont & Conce e Nasec Weshaam Spnes Stough Bucks TYoNew G Maansell &
Perany Bostol RO Beowr o Soathall, Ahddiesen. Tavder Woodiow  Consty (b dgh

ey

(RSN ORI

e sz,
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Bristol
UNITED TECHNOLOGHES Windsor Locks CT (Hamilton Std Div - Dibraryy
WARD, WOESTENHOLD ARCHITECTS Sacramento. CA
WESTINGHOUSE FLECTRIC CORP - Annapolis MD (Oceamie Div Dibs Bivany. Dibrany . Pisbuegh PA
WISS. TANNEY, BFESINER. & ASSOC Natthbrook. T (D W Prederny
WAL CLAPP TABS - BATTELLE DUNXNBURY. MA (HHBRARY)
WOODWARD-CLYDE CONSUT FANTS PLYMOUTH MEFTING PA (CROSS, 1D
BRAHIZ [a Jollu, CA
BUT1TOCK Ta Canada
FRVIN, DOUG Belmont, CA
KETRON, BOB Bt Worth, I'X
KRUZIC, [P Silver Spring. MD
FAYFTON Redmond, WA
CAPV MURPHY Sunnsvale, CA
R 1T BLESIER OId Savbrook O
SMITH Gulfport. NS
I W MERMEL Washington DC

K()

Southatl, Middlesex: Tavtor, Woadrow Constr (Spisth). Southall, Middiosen: U o Basiol 1R Morgan),

.4







